INTRODUCTION

1
In plants and animals, small pools of stem cells are maintained as a population of 2 undifferentiated cells that can generate differentiated descendants to sustain growth or replace 3 tissues (Sablowski, 2004) . Simple systems, such as the root meristem of Arabidopsis 4 (Arabidopsis thaliana), make excellent experimental models for studying the mechanisms 5 controlling stem cell identity (Nawy et al., 2005) . In Arabidopsis roots, quiescent center (QC) 6 cells and the surrounding stem cells together form a stem cell niche (Aida et al., 2004) . The (Kaya et al., 2001) . Furthermore, fas mutants show an increased number of DNA 24 double-strand breaks (DSBs) (Endo et al., 2006; Kirik et al., 2006) , indicating that the 25 Arabidopsis CAF-1 complex is required for genome stability. 26 Recent findings reveal that plant stem cells have specialized mechanisms to maintain 27 genomic stability (Sablowski, 2011 (Fulcher and Sablowski, 2009; Furukawa et al., 2010; Sablowski, 2011) . In agreement with this, 2 recently characterized mutants involved in DNA repair showed spontaneous death of root stem 3 cells. For example, the accumulation of DNA damage in rad50 and mre11 mutants lead to stem 4 cell death and thus to developmental defects in growing plants (Amiard et al., 2010) .
5
MERISTEM DISORGANIZATION 1 (MDO1) is required for the maintenance of stem cells 6 through a reduction in DNA damage (Hashimura and Ueguchi, 2011) . These data indicate that 7 protection of genomic stability is an important feature of the plant stem cell niche. AtMMS21/HYP2 acts in root meristem development (Huang et al., 2009; Ishida et al., 2009). 3 To investigate the mechanisms by which AtMMS21 affects root growth, we examined the 4 pattern of cell division and cell differentiation in wild-type (WT) and mms21-1 (T-DNA 5 insertion mutant) roots at different days after germination (DAG). At 5 DAG, mms21-1 mutants 6 showed shorter roots with smaller meristems (Fig. 1A-D) . Time course analysis showed that 7 mms21-1 meristems reached their maximum size at 1 DAG (Fig. 1D ), but WT meristems 8 reached their maximum size at 5 to 7 DAG by a balance of cell division and cell differentiation 9 (Moubayidin et al., 2010) . Furthermore, in mms21-1, we observed meristem collapse that 10 occurred as the cells of the root meristem differentiated at 7 to 14 DAG, as shown by formation 11 of root hairs and xylem strands in the root tips ( Fig. 1F-G) . To further establish the role of 12 AtMMS21 in root meristem maintenance, we monitored the expression of markers that express 13 GFP in specific cell types in the root meristems. For example, the J0571 marker specifically 14 expressed GFP in the endodermis and cortex (Fig. 1H) . By contrast, the cell files expressing 15 GFP were not continuous in the mms21-1 roots (arrowhead in Fig. 1I-J) , and the expression 16 often occurred in three layers adjacent to each other (arrow in Fig. 1I ). Furthermore, abnormal 17 planes of cell division were often observed in the region of GFP expression (inserts in Fig. 1I ). Our finding that AtMMS21 is crucial for maintaining cell fate in the root meristem prompted 23 us to investigate its possible effect on the cellular organization of the QC and its surrounding 24 stem cells. In WT roots, the QC cells are mitotically inactive and are easily discernible by 25 confocal microscopy ( Fig. 2A) . However, in mms21-1, the pattern of cells in the root tips was 26 disrupted, and the QC could not be identified morphologically (Fig. 2B ). Because AtMMS21 is 27 an important regulator of cell cycle progression (Huang et al., 2009; Ishida et al., 2009 ), we 28 checked whether cell cycle activities were altered in the QC of mms21-1 roots. For this purpose, 29 we cultured 2-DAG seedlings for 24 h in the presence of 5-ethynyl-2'-deoxyuridine (EdU). Incorporation of EdU in the nuclei indicates S-phase progression, so EdU can be used to mark 1 cell division in the root meristem (Vanstraelen et al., 2009 pWOX5:GFP), indicating that the QC cells had low mitotic activity (Fig. 2C) . By contrast, red 6 fluorescent nuclei were frequently observed in the mms21-1 QC cells (11/15 in mms21-1 7 versus 2/15 in WT, n = 15) (Fig. 2D) . These results indicated that the absence of AtMMS21 8 induces high mitotic activity of the QC cells, and the irregularly dividing QC cells result in a 9 disordered stem cell niche.
10
The irregular QC organization of mms2-1 was also clearly observed by the altered 11 expression pattern of the QC-specific marker pWOX5:GFP (Blilou et al., 2005; Sarkar et al., 12 2007). pWOX5:GFP showed the expected QC-specific expression pattern in WT roots (Fig. 13 2E). However, the GFP expression domain in the root tips of mms21-1 mutants showed lateral 14 expansion (88%, n = 27) or occasional absence (Fig. 2F-G disrupted. Furthermore, in the mms21-1 roots, when QC markers were expressed, some 1 GUS-staining cells also accumulated starch granules ( Fig. 2J; Fig. S1A Fig. 3A-B; Fig. S1D ). Also, the expression level of SHR protein 18 was reduced (Fig. 3C-D) , and SHR localization, which is in endodermal cells, QC cells and 19 cortical/endodermal stem cells in WT, seemed to be missing in some cell files in mms21-1 20 roots (arrowhead in Fig. 3D ).
21
SHR expressed in the stele moves into the adjacent cell layer, where it 22 controls SCR transcription and endodermis specification (Cui et al., 2007) . Therefore, we next 23 analyzed the effect of AtMMS21 on SCR expression. In WT roots, the pSCR:GFP expressing 24 cells were contiguous and appeared to form a single-cell layer with the endodermal cells, QC 25 cells and cortical/endodermal stem cells (Fig. 3E) . By contrast, although the expression of SCR 26 was observed in the corresponding cells in most mms21-1 roots, some root stem cell niche or 27 endodermal cells showed ectopic expression of SCR (arrow in Fig. 3F-G) . In extreme cases,
28
SCR expression was abolished in some endodermal cells and stem cell niche, which displayed 29 a discontinuous pattern (arrowhead in Fig. 3G ). In addition, to examine the effect of the may have a role in defining PLT expression and/or accumulation. We then analyzed the 7 transcript levels of PLT1/PLT2 in WT and mms21-1 roots using qRT-PCR. Expression levels of 8 PLT1 and PLT2 were not significantly reduced in mms21-1 roots (Fig. S1D) . Surprisingly, in the basal embryo pole were frequently observed, starting at the early globular stage ( Fig. 4; Fig.   26 S4A-G). At the late globular stage of WT, the hypophysis had divided asymmetrically, 27 producing a basal cell and a smaller lens-shaped apical cell (Fig. 4A) . By contrast, mms21-1 28 embryos exhibited abnormal cellular organization of the hypophyseal derivatives (Fig. 4F) .
29
Before the heart stage, nearly 16% of analyzed embryos (n = 31/188) showed aberrant 30 divisions at the basal pole (Table S2) . At the heart stage of WT, the lens-shaped cell undergoes vertical divisions to generate the QC, while the lower cells divide horizontally to form 1 columella stem cells and the root cap ( Fig. 4B-C) . However, 46% of the mms21-1 embryos 2 examined (62/134) showed irregular planes of cell division in the hypophysis descendants, 3 leading to disorganization in the basal embryo region where the root stem cell niche initiates 4 ( Fig. 4G-H ; Table S2 ). At later stages of embryo development, aberrant divisions were still 5 apparent at the root stem cell niche (Fig. 4I) , which translates into seedlings without a primary To further analyze cell identity in the embryonic stem cell region of mms21-1 mutants, we 10 examined the expression of QC-specific markers in the embryo. In WT embryos, QC25 was 11 expressed in the QC precursor cell from the heart-stage (Fig. 4E) , and later in the QC cells (Fig. 12 4K). However, the majority (67%, n = 42) of the mms21-1 embryos showed no detectable 13 QC25 expression in the corresponding cells at the heart-stage (Fig. 4J ). In the mature embryo, 14 QC25 expression was absent or diffuse ( Fig. 4L-M) , similar to what was observed in compared with WT (Fig. 4S, Fig. S4I ). Furthermore, reductions in the expression of PLT1 and 1 PLT2 were more pronounced in mature embryos (Fig. 4U, Fig. S4J ). Collectively, our results 2 demonstrated that AtMMS21 function is required for the specification and organization of the 3 root stem cell niche during embryogenesis. AtMMS21 is required to prevent cell death in the root stem cell niche 6 Interestingly, we noticed that in several mms21-1 root meristem cells, the cytoplasm was 7 stained with propidium iodide (PI) (Fig. 3) . PI stains the walls of living plant cells and is also levels of all three genes were higher in the mms21-1 roots than in the WT plants (Fig. 5C ).
21
These data suggested that the mms21-1 root tip cells are exposed to DSBs and showed 22 constitutively activated DNA damage responses, even without additional genotoxic stress. organization (observed by microscopy and pWOX5:GFP expression), the aberrant expression 1 of QC-specific markers (QC25, QC46, QC184), and the mitotic activation of QC cells all 2 indicated that AtMMS21 is essential for proper organization and identity of the QC ( Fig. 2; Fig.   3   S1 ). On the other hand, the appearance of starch granules in the region of the QC and 4 columella stem cells, together with defective columella layers and ground tissue indicated that 5 QC function and the cell fate of root stem cells are also not maintained properly in the 6 mms21-1 roots, leading to disorganized meristem pattern and ultimately to short roots ( Fig. 1-2 (Fig. 5C-E) . Third, the mms21-1 mutants exhibited increased sensitivity to the effects 23 of DSB-inducing agents on both root elongation and meristem activity (Fig. 6 ). Therefore, a 24 possible explanation for the growth defects observed in mms21-1 mutants is that stem cell (Fig. 1) , we propose that AtMMS21 is important 22 for the prevention of cell death, early differentiation and premature endocycle onset through a 23 reduction in DSBs (Fig. 8) . Additionally, unlike the known SUMO E3, SIZ1, which functions 24 as single proteins, yeast and mammalian MMS21/NSE2 is a conserved subunit of the SMC5/6 25 complex, which associates with the long coiled-coil region of SMC5 and regulates SMC5/6 26 function (Duan et al., 2009 ). Here, we demonstrated that Arabidopsis MMS21 physically 27 interactes with SMC5 (Fig. 7) , suggesting that the mechanism of MMS21 in DNA repair may The present study uncovers a cellular mechanism to explain how AtMMS21 defines the stem 4 cell niche and ameliorates DSBs (Fig. 8) . AtMMS21 encodes a SUMO E3 ligase expressed in Approximately 30 to 50 seedlings were examined in at least three independent experiments, 10 which gave similar results. Roots were mounted in chloral hydrate and then root meristem size 11 was determined by counting the number of cortex cells in a file extending from the QC to the 12 first elongated cell, which was excluded (Perilli and Sabatini, 2010). The statistical significance was evaluated by Student's t-test. The primer sets are listed in Table   28 S3. rinsed with water and mounting in HCG solution for microscopy.
MATERIALS AND METHODS
21
Plant Materials and Growth Conditions
10
For confocal laser imaging of roots, cell walls were labeled with propidium iodide (PI) as 11 described (Truernit and Haseloff, 2008) . Roots were counterstained with 10 μ g/mL PI (Sigma) 12 for 1 minute, washed once in distilled water and mounted in water for confocal microscopy.
13
Another cell death marker, Sytox orange (250 nM, Invitrogen) was also used to stain the roots 14 for 5 min before imaging.
15
The EdU incorporation assay was performed as previously described (Vanstraelen et al., respectively. Samples were captured using Nomarski optics on a Leica DM2500 with a 28 DFC420 digital camera (Leica), and processed with Leica Application Suite software. containing 35S pro :YFP (Tao et al., 2005) . Primers are listed in Table S3 . This resulted in the 1 CFP-AtMMS21 and YFP-AtSMC5 constructs, which were co-transfected into Arabidopsis 2 protoplasts. Arabidopsis mesophyll protoplasts were prepared and transfected as described Co-transformed yeast strains were selected on synthetic defined SD/-Leu/-Trp medium.
12
Protein-protein interactions were tested using selective medium SD/-Leu/-Trp/-His and Table S3 .
21
Vector combinations (samples and controls) were used and BiFC assays were performed as 
